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ByMauriceJ.BrevoortandBernardRashim

suMMARY

Turbulent-heat-trsmsfermeasurementswereobtainedthroughtheuse
of Q axiallysymmetricannular nozzle which consists of m innershaped
centerbodyandamoutercylindricalsleeve.Measurementstakenalong
theoutersleevegavee~sentiall.yflat-plateresultsthatarefreefrom
wallinterferenceandcornereffectsfora Machnumberof 2.06 andfora
Reynoldsn-r rsmgeof1.7 x 106 to 8.8x 107. Theheat-transfer
coefficientsaxeingoodagreemntwithavailabledatafromV-2rockets
andalsochecktheRubesintheoryad theVanDriesttheoryfora Mach
numberof2.0andfora ratioof inner-surfaceto free-stresmtemperature
of 1.8. Thetemperature-recoveryfactorssxeapproximately0.5percent
lowerthanthefactorsgiveninNACATN 2077 fora Machnwnberof2.4.

INTROIYX!TION

Thedesignof supersonicaircraftandmissilesrequiresengineering
imf’onnationaboutheat-trsmsfercoefficientsandtemperature-recovery
factorsforsupersonicspeedsthatextendovera widerangeofReynolds
number.In reference1, local-heat-transfer-coefficientmeasurementswere
presentedfora Machnumberof 3.03. md Weement oftheseresultswith
theoreticalandexperhentalworkwasobtained.Thismethodoftesting
andreductionof datais readilyadaptableto obtainingaccuxatemeasure-
mentsoveran extendedrangeofbothMachandReynol&numbers.

Thepurposeof thisinvestigationisto exbendtheworkinitiatedin
reference1 to a Machnuniberof2.06. The sametype ofapparatusand
methodofreducingthedatawereusedinthisinvestigationaswereemployed
b reference1. Therange ofReynoldsnumberforwblchmeasurementswere
obtainedisfrom1.7 x 106 to 8.8 x 107. The results cover a tempera-
turedifferenceofapproximately20°at40secondsafterstartingto
approxinmtely5° atK?Osecondsafterstarting.Theaveragevalueofthe
ratioof inner-surfacetemperatureto free-stresmtemperatureTw/Tm
was1.8.
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SYM30LS

sleevematerial,Btu/lb-OR

/airat constantpressure,Btulb-oR

to gravity,ft/sec2

heat-transfercoefficient,Btu/ft2-sec-~

heatconductivity,Btu~ft-sec-OR

Machnumber

Nusseltnumber,hxlk

Frandtlnumber,
/

~cpgk

Reynoldsnumber,pvx/~

Stantonnumber,~~ ~
pvc@

averagewalltemperature,OR

effectivestreamairtemperatureatwall,sometempera-
turewhichgivesa thermalpotentialwhichisindependent
ofheat-trmsfercoefficienth, OR

stagnationtemperature,OR

inside-surfacetemperatureofnozzlesleeve,OR

free-streamtemperature,OR

time, sec

free-streamvelocity,ft/sec

specificweightof sleevematerial,lb/sqft

longitudinaldistancealongsleeve,ft (unlessindicated
otherwise)
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Te - Tmrecoveryfactor,
‘t - “=

P

-c ~scOBitY c=fficient, lb-see sq ft/
free-stresmdensityofair,slugs/cuft

APPARATUSANDMETHOD

Theapparatusconsistedof an sxial.lysymmetricannularnozzlewhich
wasdirectlyconnectedto thesettlingchsmberofoneofthecold-air
blowdownjetsoftheLamgleygasdynamicslaboratory.Thenozzlehada
shapedwoodencent=’bodyandtwooutersleeves.Thefirstsleevewas
constructedfrom8-inch-dismeter,e=ra heavy,seamlesscsrbon-steelpipe
andthesecondwascoutructedfroml/16-inchstainlesssteelwhichwas
rolledintoa cylinderamdwelded;bothweresurfaced-machinedinside
andoutsideto a wallthiclmessof0.@8 inchand0.060inch,respectively.
A detaileddrawingoftheapparatusis showninfigue 1 whichgivesthe
locationofthethermocouplesandthestatic-pressureorifices.Several
static-pressureorificesad thermocoupleswerelocated~“ apartaround
thesleeveto calibratetheflowfor=ial symmetry.Thecoordinatesof
thecenterbadyare@ven intableI. Thecenterbodywasdesignedby
usingthree-dimensionalcharacteristics.(Seeref.2.) Stationlocations,
showninf@ure 1, refertothedistancein inchesfromthenozzlemimL-
mumstation.

Detailsoftheinstallationofthethermocouplesandstatic-pressure
orificesareshowninfigwes2 and3. Thethermocouplesarelocated
0.060Inchfromtheinnersuxfaceof thesleeve.Thewiresare30-gaf3e
copper-constant-a(0.010inchindiaeter);conductionalongthewire
lengthisnegligible.As indicatedin figure2,thethermocouplesare
inIntimatecontactwiththesteelwsl.1sothatthermalresistanceat
thisjunctionisnegligible.

TheMachnumberdistributionwasmeasuredbothlengthwiseandaround
thesleeve.Theorificeslocatedaroundthesleevewereusedto checkthe
alinementofthecenterbodywithinthesleeve.Theresultsareshownin
figurek andareaccurateto*0.01.

Thetemperature-recor~equipmentconsistedofthreesynchronized
high-speedself-balancingBrownElectronicstripchartrecorders,having
a totalof 36 switches,twoofwhichwereconnectedtothesettling-
chamberthermocouplesamdtheotherswereconnectedto thesleeve
thermocouples.
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A typicaltestconsistedof operatingthenozzleatthedesired
pressure.Thestagnationtemperaturestartsatessentiallyroomtempera-
ture.mddecreasesasthepipingis cooledjasillustratedinfigure5
wherestagnationtemperatureisplottedagainsttimefora settling-chsmber
pressureof106lb/sqin.gage.ThewallternTeraturealsostartsat essen-
tiallyroomtemperatureandtendsto approachtheequilibriumtemperature
whichisapprofiately25°F belowstagnationtemperature.Thisvariation
is showninfigure6 wherewalltemperatureisplottedagainsttimefor
stations12and18fora settling-chamberpressureof106lb/sqin.gage.
Testrunsweremadeforsettling-chamberpressuresof1, ~, 106,and
185lb/sqin.gage.Thetestat a pressure.of1 lb/sqin.gagewasmade
witha sleeve0.060inchthick,andthetestsetupwasevacuatedto an
absolutepressureof1.0inchofmercury.Fxceptforthefirst20 seconds,
thepressuresweremaintainedconstantforeachtestrun. Therecorders
werecalibratedimmediatelybeforeandaftereachrunandwerefoundto
be accurateto*l”F.

Infigure7 are plotted,forvarioustimesduringthetestrun,the
valuesofwalltemperatureagainstlongitudinaldistancealongthecylinder.
Thesevalueswereusedto determinetherateofchangeofthelongitudinal

d2Tav~conductionk — ongthecylinder.
L&2

Testresultsweretakenonlyfor

.

.—

—

b

d2Tavthelengthofthecylinderforwhich k —
%

waszero.
&

REDUCTIONOFDATA

Shorttestrunsinwhichtimehistoriesofthewalltemperatureare
obtainedgivetheessentialdatafrcxuwhichheat-transfercoefficients
andtemperature-recoveryfactorsmaybe detemined.Thereductionof
these&ta requiresa methodinwhichthestagnationtemperature,and
accordinglytheequilibriumtemperature,mayvaryinamarbitrarymanner.

TheStantonnumberiscalculatedfrcm

st=~
pvcpg

andtheheat-trsmsfercoefficientis calculatedfrom

(1)

h=wc
dTav/dt
Tw - Te



NACATN 3374

By definition,therecoveryfactoris

Te-T
~r =

Tt - Tm
(3)

Themethodofreducingthedatais simplyto selecta recoveryfactor
andthenobtainTe fromequation(3). Substitutet~s ~~ue of Te ~~

equation(2)andobtainvaluesof h fordifferentheat-flowrates.~ese
valuesof h arethensubstitutedtitoequation(l). Thetruevaluesof
Te~ qr~ and St areobtainedwhen St is constantwithtime(fordif-
ferentheat-flowrates).Figure8 showsthevsluesusedinevaluatingthe
Statennmber andrecoveryfactorat station12 fora settling-chamber
pressureof 106lb/sqin.gage.

Thevaluesof specificheatandspecificweightofthesleevemate-
rialweretakenfromreference3. Thevaluesofviscosityand&andtlnum-
ber(0.71)forairwerealsotakenfromreference3 andwerebasedupon
theinside-surfacetemperatureofthesleeve.Thevalueof Tw chosen

. wasat80 secondsafterstsrting.(Thisarbitrarychoiceof temperature
canbemadesincetheviscositycoefficientispracticallya constant
factorof theheat-conductioncoefficient.)

.

PRECISIONOF EQUG?IENT

Thebasicdataconsistofthe historiesoftemperatureateach
thermocouplelocation.Therecorderswerecalibratedimmediatelybefore
andaftereachrunandwerefoundtobe accurateto*l”F. Thethermo-
couplewiressre~-gage(0.010-inch-di.~eter)copper-constsmtanandof
suchsmalldiameterthatconductionslongtheirlengthcanbe neglected.
Thewiresareinsulatedexceptatthejunctionwhereintimatecontact
withthesleevekeepssaythermslresistanceto a minimum.

Thesleeveisenclosedina vacuumjacketto avoidfreeconvection
md, forthetemperaturersmgeconsidered,radiationeffectsrsageup to
2 percent.Theproductofthespecificweightandthespecificheatof
thesleevematerialasusedinequation(2)isaccurateto~5 percent.

dTa~
The valueof —

dt
usedinequation(2)isthatoftheactual_

thermocouplereading,whereasit shotidbe thevslueassociatedwiththe
-averagetemperatureinthethicknessofthesleeveateachpoint.During
thetestrunstheinner-surfacetemperaturesarelowerthantheaverage
temperaturesby approximately1° to 1.5°atthebeginningoftheruns
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4-0seconds afterstarting)andbecomethessmeatthee~doftheruns
*

150seconds).Thisdeviationcausesthederivativeofinner-surface .“
temperatewithtimetobe lessthanthederivativeofaveragetempera- I-
turewithtimeby approximately1 percent.

Theanalysisofreference4 wasusedto determinetheeffectofthe
sleevediameterupontheflowcharacteristics.Thiseffectwascomputed
tobe lessthanone-hundredthof1 percent.

.

Figure7 showsthe

RESULTSANDDISCUSSION

variationofwalltemperaturewithlongitudinal
distant=alongthecylinderfora settling-chamberpressureof
106lb/sqin.gage. Overthetestraage,thewalltemperaturesarecon-
Stmt slongx. Intherelation

/
WC dTavdt

h=
Tw - Te

.

w and C are constemtand &Tav/dt isconstantbecause~ isconstmt.
Therefore,ifthereistobe a v~iationof h withReynoldsnunberor .
x, Te mustvarywith x. Thevalueof Te obtainedforthetestat a
settling-chsmberpressureof I-06lb/sqin.gage,evaluatedat80 seconds
afterstarting,actuallydecreasesapproximately1.5°.

Figure 9 showsthe variation of local I’lusselt numberwith local
Reyaoldsnumber. Thevalueof x usedinevaluatingthesenumberswa~
baseduponsm x thatwasconsideredtobe zeroatthenozzleminimum
station.A singlelinefairedthroughalthe titapointshasa sloPeof _
approximately0.8;butiflinesarefairedthroughthepointsforeach
settling-chamberpressure,theslopesareslightlyk@her. Itisreason-
ableto assume,however,thatthehigherstagnationpressureswouldpro-
duceearliertransitionandthezerovalueof x wouldmoveupstream
withincreasingstagnationpressure.Hence,ifitisassumedthatdata
fromeachsettling-chamberpressureshouldmergeintoa continuousline
(ratherthana seriesof steps),x maybe adjustedforzerox-locations
(theeffectivebeginningoftheturbulentbountkmylayer)whichwould
makeallthetestrunscoincident.Thisadjustment@s beenmadein
figure10by usingvaluesof x equalto zeroat1.60inchesdownstream
ofthenozzlemini?mmstationfora settling-chamberpressureof
1 lb/sqin.g~e and2.00,4.40,and6.OOinchesupstresmoftheminimum
forthechsmberpressuresof X, 106,and185lb/sqin.gage,respectively.

.

.
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TheNusseltnumbers
Reynoldsnumberrangeof

7

were found to vary from 1,690 to 44,950 for the
1.7 x 106to 8.8 x 107(basedonadjusted

-1 zerox-locations).Forcomparison,thecurvesbasedupo~theanalyses
ofVsnDriest(ref.5) andRubesin(ref.6) are shown. In the VanDriest
analysis Tw/Tm wasconsideredtobe 1.8(theaveragevalueofthetest
results).Forcomparisonwiththesereferences,thedatawereccmputed
by usingfree-streamtemperatureto determinethedensityandthevelocity.
Thewalltemperaturewasusedto determinethetiscosityandthePrandtl
number.TheexperimentalvaluesfromthedataofV-2rockets(ref.7)
arealsodeterminedinthismanner.TheMachnmiberrangefortheV-2data
infigure10 isfroml.95to 2.07. Theagreementbetweentheresultsof
thisinvestigationandthoseofreferences5, 6,and7 is goed.

Figure11 showsthevariationoflocaltemperature-recoveryfactor
withlocalReynoldsnumber.Thevariationisfrom0.891-at R = 1.7x 106

to 0.870at R = 8.8x 107. Theresultsareccmrparedwitha curvewhich
representsthefairingofthedataofreference8. Thedataofreference8
arefora Machnumberof2.4. Theresultsobtainedinthisinvestigation
areapproximately0.>percentlower.Alsoincludedforcomparisonarethe

.
curvesforrecoveryfactore~ud to #/3 and P#/2. Thewalltemra-
turewas usedto d&bermhet~ePrandtlnmnber.

.

CONCLUDINGREMHUCZ

Turbulent-heat-transfermeasurementsthatgaveessentiallyflat-plate
resultswereobtainedfora Machnumberof 2.06andfora Reynoldsnumber

rangeof1.7x 106to 8.8x 107. TheN~seltnumberssreingood
agreementwiththeoreticalanalysesandwithexperimentaldataobtained
withtheV-2rockets. The temperature-recoveryfactorsareapproximately
0.5percentlowerthanotheravailabledatafora Machnumberof2.4.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

IangleyField,Vs.,December3, l$@.
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x, in.

-10.25
-4.7
-4.5
-4.0
-3.0
-2.5
-2.0
-1.5
-1.0
-.8
-.
-. f
-.2
0
.1

:;
.4

:2
●7
.8
.9

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7

TABLEI.-CENTER-BODYCOORDIN-

Radius,i~.

2.000
2.Om
2.020
2.lm
2.500
2.735
2.970
3.150
3*3QO
3.340
3●375
3.400
3.42Y
3.4375
3.4364
3.4333
3.4280
3.4204
3.4108
3.3990
3.3852
3.3696
3.35=
3.3336
3.3141
3.2941
3.2739
3.25~
3.2341
3.2149
3.1964

x, in.

1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3J1

;:2
3.4

;:2
3.7
3.8

:::
5.0
10.0
15.0
20.0
25.0
30.0
$.0
34.250

Radius,in.

3.1787
3.1618
3.1456
3.1303
3.1157
3.1020
3.0890
3.0769
3.0655
3.Opyl
3.0453
3.0364
3.0283
3.0211L
3.0147
3.0091
3.m43
3.0004
2.9974
2.9952
2.9939
2.9934
2.9924
2.9824
2.9324
2.8824
2.8324
2.7824
2.7324
2.6924
2.6999

.



Figure 1.- Tet3tarrsngemnt. Dims.sions e.rein iuches.
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Each wire wrapped and covered.
i3j:\ wires form one lead fram

thermocouple

I

Insulation (ceramic)

Steel sleeve (wall
thickness, 0.388”)

Steel sleeve (3/32”
O. D, X 1/64” wall
thickness)

Tips of wires silver-
soldered together

Figure 2.- !l!hemcoupleinstallation.



w No. 4/0 taper pin. Reamed

Pressure tubes for 0.040” 0. D. stainless -

(0.040” O. D. X
0.020” 1. D, ,
stainless steel)

Silver solder =

through

steel tubing

Steel sleeve (wall

thickness, 0.388”1

I

Figure 3.- Pressure-orificeinstallation.
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Distance, x, In,

Figure 4.-Mach mmber di6tributlonfor settU.ng-chmiberpreamre of
106 lb/sq in. gage.
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